Theileria is a unique apicomplexan parasite capable of transforming its host cell into a 20 disseminating tumour. Constitutive JNK activity characterizes bovine T and B cells infected 21 with T. parva, and B cells and macrophages infected with T. annulata. Here, we show that T. 22 annulata manipulates JNK activation by recruiting JNK2, and not JNK1, to the parasite 23 surface, whereas JNK1 is found predominantly in the host cell nucleus. In silico analysis 24 identified 3 potential JNK-binding motifs in the previously characterized GPI-anchored 25 macroschizont surface protein (p104), and we demonstrate here that JNK2 is recruited to the 26 parasite via physical interaction with p104. A cell penetrating peptide harbouring a p104 27 JNK-binding motif also conserved in T. parva p104 competitively ablated binding, 28 whereupon liberated JNK2 became ubiquitinated and degraded. Sequestration of JNK2 29 depended on PKA-mediated phosphorylation of the conserved JNK-binding motif and upon 30 disruption of the p104/JNK2 complex loss of JNK2 resulted in diminished matrigel traversal 31 of T. annulata-transformed macrophages. Loss of JNK2 also resulted in upregulation of small 32 mitochondrial ARF that promoted autophagy consistent with cytosolic sequestration of JNK2 33 sustaininf not only JNK2, but also nuclear JNK1 levels that combined contribute to both 34 survival and dissemination of Theileria-transformed macrophages. 3 35 Author Summary 36 Theileria annulata parasites infect and transform their host bovine leukocytes into tumour-37 like cells that disseminate throughout infected animals causing a widespread disease called 38 tropical theileriosis. Virulence has been ascribed to the parasite's ability to constitutively 39 activate leukocyte c-Jun N-terminal Kinase (JNK) leading to permanent induction of Matrix 40 Metallo-Proteinase 9 (MMP9) that promotes transformed macrophage dissemination. In 41 attenuated live vaccines JNK-mediated AP-1-driven transcriptional activity is reduced so 42 dampening dissemination. However, in leukocytes JNK exists as two isoforms JNK1 and 43 JNK2 and here, we show for the first time that in T. annulata-transformed macrophages they 44 have different subcellular localisations and perform separate functions. Surprisingly, JNK2 45 associates with the parasite and is not in the nucleus like JNK1. JNK2 is hijacked by the 46 parasite and sequestered in a complex with a macroschizont surface protein called p104. Upon 47 forced complex dissociation JNK2 gets degraded and its loss negatively affects infected 48 macrophage survival and ability to disseminate. 4 49 Introduction: 50
146
Phosphorylation of the JNK-binding motif increases the affinity of p104 for JNK2. 147 To understand the consequences of JNK2 association with p104, we specifically ablated their 148 interaction. Located on the macroschizont surface GPI-anchored p104 has been described as 149 being phosphorylated in vivo at several sites [30] . We noticed that two phosphorylated 150 residues occurred in the conserved JNK-binding motif, specifically phospho-S806 and -S808 151 (TA08425 numbering). Consequently, penetrating peptides harbouring the conserved p104 152 decapeptide JNK-binding motif and a mutant peptide, where S806 and S808 had been 153 replaced by alanine, together with an irrelevant peptide were synthesized (Table 1) All peptides were FITC conjugated and penetration into T. annulata-infected macrophages 162 confirmed by immunofluorescence (FigS1) . The peptide (P) corresponding to the wild type 163 JNK-binding motif was able to ablate in dose-dependent manner JNK2 association with p104 164 (Figure 3) . Importantly, the mutant (S>A) peptide (mP) did not abrogate JNK2 binding to 165 p104 ( Fig 3A, tracks 6 & 7) , consistent with phosphorylation of S806 and/or S808 promoting 166 p104 binding to JNK2. Following peptide-mediated abrogation of the JNK2/p104 complex 167 the level of p54 JNK2 decreased, due to ubiquination of JNK2, but no drop in JNK2 levels 168 was observed following proteasome blockade by MG132 ( Fig 3A tracks 4 & 5 and Fig 4A) .
169
Although peptide-induced complex disruption reduced JNK2 levels no effect was observed on 170 cytosolic JNK1 ( Fig 4B) , but loss of cytosolic JNK2 led to an increase in the amount of 171 nuclear JNK1 ( Fig 4B) .
172
PKA, but not JNK kinase activity contributes to p104 association with JNK2. 173 Both S806 and S808 in p104 occur in a context (KRS*KS*FD) consistent with them being 174 potentially phosphorylated by PKA [28] . Consequently, T. annulata-infected macrophages 175 were treated for 2 h with myristoylated PKI or the ATP analogue H89 and both treatments 176 dampened the association of p104 with JNK2 ( Figure 5A ). By contrast, treatment with a pan 177 JNK inhibitor (pan-JNKi), or a JNK2-specific inhibitor (JNK2i) did not alter the ability of 178 p104 to bind JNK2 ( Fig 5B) . We conclude that cAMP-dependent PKA likely phosphorylates 179 S806 and/or S808 and their phosphorylation favours binding of p104 to bind JNK2. The Theileria-induced transformation of host leukocytes.
212
The close association between JNK2 and the parasite revealed by immunofluorescence led us 213 to search for a parasite encoded JNK-binding protein located on the macroschizont surface.
214
Interrogating the predicted Theileria proteomes with a consensus D-motif revealed the 215 presence of 3 potential JNK-binding motifs in the GPI-anchored macroschizont T. annulata 216 protein known as p104 [28] . We decided to characterise the putative JNK-binding site located 217 between amino acids 804 to 814, as this is conserved in the T. parva p104 orthlogue 218 (TP04_0437), and absent in the non-transforming T. orientalis (TOT_040000478) protein.
219
Although not characterised here it remains possible that one or both of the other 2 T. annulata 220 p104-specific D-motifs might also contribute to species-specific JNK2 binding by p104. In 
223
The conserved JNK-binding motif in p104 is distal to the previously described EB1-binding 224 motif (SKIP) that's located between amino acids 566 and 569 [28] . It is highly unlikely 225 therefore that the JNK-binding motif penetrating peptide competes for EB1-binding.
226
Furthermore, EB1 co-localizes with p104 on the macroschizont surface in a cell-cycle 227 dependent manner, being more pronounced during cell division [28] . This contrasts with shown that PKA can phosphorylate in vitro p104 ( Fig S2B) this strongly argues that in vivo 233 [30] PKA-mediated phosphorylation of p104 promotes association with JNK2 and indeed 234 PKA inhibition reduced the amount of p104 detected in JNK2 immunoprecipitates ( Fig 5) .
235
This implies that the complex at the surface of the macroschizont contains not only p104 and 236 JNK2, but also PKA. By contrast, Cdk1-mediated phosphorylation of p104 seems to play a 237 role in EB1 binding during mitosis, although the role of other kinases in regulating the 238 interaction between p104 and EB1 has not been ruled out [28] .
239
Importantly, both S806 and S808 have previously described as being phosphorylated in vivo 240 [30], so the strategy we adopted to elucidate the role of the JNK2/p104 complex was to use a We focused on JNK2 to gain insights as to what might be the physiological advantage to Fig 6C) . Moreover, upon loss of cytosolic JNK2 the nuclear levels of JNK1 also 262 decrease suggesting an alternative reason for loss of c-Jun phosphorylation ( Fig 4B) .
263
Dampening of nuclear JNK1 levels also likely explains the drop in mmp9 transcription and 264 reduced matrigel traversal (Fig 6) .
265
The macroschizont surface of T. annulata-infected macrophages is known to recruit another 
